The three new tetraalkylammonium tetrathiotungstates ((Me) (7) • . The structures of all compounds consist of slightly distorted [WS 4 ] 2− tetrahedra and tetraalkylammonium cations which are packed in different ways. One interesting observation is that the disorder of parts of the alkyl groups decreases with increasing chain length. The IR and Raman spectra show the vibrations of the [WS 4 ] 2− tetrahedron with a slight shift with increasing alkyl chain length. The most prominent IR-band of the [WS 4 ] 2− tetrahedra is broad but not split, indicating that the distortion of the tetrahedra is small.
Introduction
The production of clean transport fuels by hydrotreating and specially deep hydrodesulfurization (HDS) has recently gained attention due to the introduction of new environmental legislation regarding fuel specifications [1, 2] . In order to meet the specifications there is an increased need to understand and consequently improve HDS catalysts. Alumina is the most widely used support material for preparing HDS catalysts due to its good mechanical and textural properties. However, one of its disadvantages is the strong interaction with metal precursors in the catalysts preparation step, which makes the complete sulfidisation of supported metal oxides difficult [3 -5] . On the other hand, carbon has been probed as alumina replacement, and several studies [3 -10] have demonstrated that carbon supported MoS 2 , (Co/Ni)Mo(W) sulphide catalysts show a HDS activity superior to that of the alumina supported counterparts. This high activity can be attributed to an enhanced dispersion of catalytically active species.
Recently, Alonso et al. have reported that very efficient carbon containing MoS 2 and WS 2 catalysts are 0932-0776 / 06 / 0900-1061 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com produced by the in situ decomposition of precursors during HDS of DBT [11] . In a previous report results of the synthesis of MoS 2 catalysts by the thermal decomposition of tetraalkyl tetrathiomolybdates were presented [12] . Moreover, the role of structural carbon for the activity of HDS catalysts was investigated and the results of a profound study gave evidences that a critical C content is essential for a high performance of such catalysts [13] . For MoS 2 based catalysts we demonstrated that the C content of the active material can be determined by the C content of the (R)MoS 4 precursors (R = organic ammonium ions) [12] . With respect to W-S chemistry it was demonstrated recently that the well known ammonium tetrathiotungstate is a useful precursor for the soft synthesis of WS 2 nanotubes [14, 15] . In another report the suitability of bis(cetyltrimethyammonium) tetrathiotungstate as a precursor for the formation of bulk quantities of uniform WS 2 nanotubes was reported [16] . In the meantime about 20 different tetrathiotungstates with different cations as charge balancing ions were reported in the literature [17 -26] . The present contribution is part of our ongoing investigations aimed to the synthesis of active and efficient MoS 2 and WS 2 catalysts, and its Ni/Co promoted versions. For a full characterisation of the precursor materials and an understanding of the chemical reactivity the crystal structures of the compounds should be known. One interesting observation in the tetrathiotungstate chemistry with organic cations as charge balancing ions is the fact that no structural data are available with fully alkylated amines. In this contribution the syntheses, crystal structures and spectroscopic data of three new tetraalkylammonium tetrathiotungstates (R 4 N) 2 WS 4 (R = methyl, ethyl, propyl) are presented.
Experimental Section

Synthesis
The synthesis of the tetralkylammonium salts (R 4 N) 2 MoS 4 has been reported by McDonald [27] . Later this method was improved by Alonso [28] . In the present work, a modified version of the last method was used and crystals were grown from a very dilute solution. The amines and the solvents were used as obtained from commercial sources. (NH 4 ) 2 WS 4 was prepared as reported in the literature [27] . Freshly prepared (NH 4 ) 2 WS 4 (5 mmol) was dissolved in wa- ter (30 ml) and stirred. (R 4 N)Br (10 mmol) was dissolved in a solution of NaOH (10 mmol) in 30 ml water and stirred. The first solution was added to the second and the mixture was stirred for 30 min. Afterwards, the solution was kept undisturbed over ice to obtain the red crystalline products. The solid was filtered off and was washed with cold water and ethanol. 80% Yield. These compounds are stable on air. Far IR spectra (80 -500 cm −1 ) were measured on a Bruker IFS 66 spectrometer in pressed polyethylene disks. MIR spectra (450 -3000 cm −1 ) were recorded in a ATI Mattson Genesis spectrometer. The samples were ground with dry KBr into fine powders and pressed into transparent pellets. Raman spectra were measured from 100 to 3500 cm −1 in a Bruker IFS 66 Fourier Transform Raman spectrometer.
Structure refinement details
Single crystal investigation of compounds 1 -3 was performed using an Imaging Plate Diffraction System (IPDS) [29] with monochromated Mo-K α -radiation (λ = 0.71073Å). All structures were solved by direct methods using SHELXS-97 [30] and the refinement was done against F 2 using SHELXL-97 [31] . The data were corrected for Lorentz, polarisation and absorption effects. The crystal of compound 1 was racemically twinned, and a TWIN refinement was performed using SHELXL-97 (BASF parameter: 0.43 (4)). All non-hydrogen atoms were refined anisotropically except most of the C and N atoms in compound 1 in which three of the six crystallographically independent cations were disordered. All hydrogen atoms were placed in ideal geometry and were refined using a riding model. In compounds 2 and 3 also some of the cations were disordered and were refined using a split model. Technical details of the data acquisitions and some refinement results are summarised in Table 1 . Lists of selected bond lengths are given in Tables 2, 3 
Results and Discussion
For compound 1 some crystallographic data can be found in literature [32] . It was reported that this compound crystallises in the orthorhombic space group Pnam with a = 12.48(1), b = 15.37(2) and c = 8.94(1)Å. However, no atomic coordinates and no R-values can be found in the CCDC data base [33] . In addition, the similarity of the unit cell parameters indicates that the authors have overlooked reflections which are leading to a triplication of one unit cell axis.
Complex 1 crystallises in the orthorhombic chiral space group P2 1 2 1 2 1 . There are three crystallographically independent anions per asymmetric unit with no imposed symmetry ( Table 2 ). The W(1)-S distances in the first anion range from 2.162(8) to 2.196(8)Å with an average of 2.184(2)Å. The coordination environment around W(1) is nearly a perfect tetrahedron with minimum and maximum S-W(1)-S angles of 108.0(4) and 112.5 (4) • and an average of 109.5(7)
• . The W(2)-S bonds are different with values ranging from 2.079(7) to 2.176(7)Å with a mean value of 2.143 (7) (7) • ). At a first glance the W-S bond lengths seem to scatter over a wide range which is unusual for thiotungstates where no S··· H bonding interactions can be formed. For instance, the W-S distances with such H bonding interactions range from 2.1856(11) to 2.2090(10)Å in (NH 4 ) 2 WS 4 [20] . The difference between the longest and shortest W-S bond distance ∆ is a good measure for the distortion of the WS 4 tetrahedron, and the values are 0.034, 0.097, and 0.037Å for the three independent tetrahedra. Analysing the anisotropic displacement parameters of the S atoms it is obvious that there is some positional disorder in the W(2)S 4 tetrahedron which is not pronounced enough to refine the S positions with a split model. Hence it can be assumed that the very short W-S bonds are due to an artefact. A libration correction was also performed but without a significant effect onto the W(2)-S bond lengths. One should keep in mind that libration only shortens the bond lengths if the vibration of the atom is perpendicular to the bond axis. In the present tetrahedron this is not the case, explaining the very small difference of the bond lengths with and without the correction. The spectroscopic results (see below) support the assumption that the true W(2)S 4 tetrahedron must be more regular. An appreciable contamination with oxygen can be excluded because no bands are seen in the IR or Raman spectra accounting for W-O stretching vibrations. Furthermore, some of the displacement parameters of the S atoms of W(1)S 4 and W(3)S 4 are larger than those for the S atoms in compounds 2 and 3. This may be the reason that the values for ∆ of these two tetrahedra are larger than in the other two compounds.
Three methyl groups of the cations show a positional disorder with 50% occupancies for two positions in cations N(1) and N(6), while for cation N(2) the three CH 3 groups exhibit occupancies 60% : 40%. Fig. 1 shows two different views of the arrangement of the cations and anions. Compound 2 crystallises in the monoclinic space group P2 1 /n and is different compared to the analogous Mo compound which crystallises in the triclinic space group P-1 [34] . The crystal structure consists of a discrete tetrathiotungstate anion and two independent tetraethylammonium cations with all atoms located on general positions. The tetrahedral geometry of the WS 4 2− anion is only slightly distorted with S-W-S angles between 108.12(5) and 110.59(5) • (Table 2). The W-S bond lengths are between 2.1846(12) and 2.2030(12)Å giving a ∆ value of 0.0184Å. In one of the two cations a positional disorder occurs for the CH 2 group of one C 2 H 5 unit (occupancies: 80 : 20). In Fig. 2 the arrangement of the constituents of 2 are displayed. Along [010] the anions and cations form individual rods, and a view onto the (101) plane reveals that within adjacent stacks the cations are arranged in a different way.
Compound 3 crystallises in the monoclinic space group C2/c with all atoms except two N atoms being located on general positions. The structure contains an unique anion and three independent cations with two of them located in special positions. The WS 4 tetrahedron shows only a moderate distortion (S-W-S angles: 108.30(5) -110.24 (4) • , Table 3 ) and W-S bond The compounds have been further characterised by IR and Raman spectroscopy. In the middle of the IR spectra several bands are observed which are caused by the organic cation vibrations. The absorptions around 3000 cm −1 are assigned to the C-H stretching vibrations with a shift to lower wave numbers with increasing chain length. Between 900 and 1500 cm −1 further vibrations of the aliphatic chains and the C-N vibrations are seen [35, 36] . For a free tetrahedral WS 4 anion one can expect four characteristic bands ν 1 (A 1 ), ν 2 (E), ν 3 (F 2 ), ν 4 (F 2 ). The bands are Raman active and only ν 3 and ν 4 are IR active [37] . The strong band observed in the 458 -478 cm −1 region of the IR spectra (Fig. 4) is assigned to the triply degenerated asymmetric vibration ν 3 of the WS 4 tetrahedron [24, 26, 38] . A slight shift of the maximum of the absorption is observed with increasing alkyl chain length. A similar observation was reported earlier for R = Me and nBu [28] and was explained on the basis of decreasing electropositivity with increasing chain length. But such an effect was not found when R was pentyl or hexyl [39] . Note that the sharp bands at about 480 cm −1 in the spectra of the ethyl and propyl compound are due to the organic part of the compounds. The weak absorption at around 175 cm −1 can be explained with the ν 4 vibration of the anion. This assignment is supported by strong lines in the Raman spectra located at the same energy [24, 26] .
The difference between the longest and shortest W-S distances is an important factor which may be considered as a measure for the distortion of the [WS 4 ] 2− tetrahedron. In a recent report [24] we analysed the structural and spectroscopic properties of 14 tetrathiotungstate complexes. One interesting result of the analysis is that a critical value for ∆ of about 0.03Å is required to see a splitting of the bands of the W-S vibrations in the IR spectra. In many tetrathiotungstates the large ∆ values are caused by N-H···S interactions and the number as well as the strengths of these determine the distortion of the tetrahedron. In the present compounds no such hydrogen bonding interactions are possible and consequently the values for ∆ are small and below the above mentioned limit. The large ∆ values for the anions in compound 1 are caused by structural disorder and consequently no splitting of the W-S vibrations occurs in the spectra. For the other two com-pounds ∆ is less than 0.03Å and as expected only broad absorptions are seen in the IR spectra.
The methyl compound shows the strongest structural disorder of all three samples. The calculation of the space available for a non-hydrogen atom yields 28.8Å 3 for compound 1 and about 25.7Å 3 for the other two compounds. The larger space for the atoms in 1 suggests a less dense packing of the constituents and consequently less strong interactions.
